Abstract-Relaying has been proposed as an efficient technique to extend coverage and improve throughput in future wireless networks. However, its performance gain is degraded in the presence of co-channel interference, which is intensified as the network density keeps increasing. In this letter, we investigate interference management in a two-hop interference channel with decode-and-forward relaying. To efficiently suppress interference, we propose different relay cooperation strategies with different information exchanged between relay nodes. A high SNR analysis is used to evaluate the performance and determine the achievable degrees of freedom while demonstrating the importance of time sharing between two hops. Through performance comparison and based on the implementation complexity of each cooperation strategy, we show that a zero-forcing based approach is attractive for interference management in two-hop interference channels.
I. INTRODUCTION
R ELAYING has been regarded as an important technique to extend coverage and improve throughput in wireless networks. Recently, various relaying protocols have been included in different cellular standards, such as WiMAX and 3GPP LTE-Advanced [1] . However, as shown in [2] , the promised throughput gain of relaying may be lost in the presence of co-channel interference. Hence, interference management is critical for exploiting the benefits of relaying.
The relay-assisted cellular network can be regarded as a type of two-hop interference channel (IFC) from an information theoretic perspective. Though the capacity of the two-hop IFC is unknown, the achievable throughput was investigated in [3] with single-antenna sources and relays, and it was shown that partial relay cooperation enabled by the Han-Kobayashi coding [4] can improve performance. In the context of cellular networks, Somekh et al. [5] investigated the achievable uplink throughput with base station cooperation, considering single-antenna nodes and without relay cooperation. In [6] , several interference management schemes were proposed for the shared relay concept in cellular networks, where a multiantenna relay is shared among several neighboring sectors.
With the advances in wireless technologies, multi-antenna relay nodes will be deployed to improve system performance. On the other hand, most low-cost miniaturized mobile terminals will still be equipped with a single antenna due to cost Manuscript received February 7, 2012 . The associate editor coordinating the review of this letter and approving it for publication was I. and space limitations. In this letter, we investigate interference management in a two-hop IFC with multi-antenna source and relay nodes and single-antenna destinations. In particular, we will develop different relay cooperation strategies for interference suppression. Recently, multicell processing with cooperation among multiple base stations has demonstrated its effectiveness in suppressing intercell interference [7] . The relay node cooperation, however, has not been well studied.
In this letter, we first propose a zero-forcing (ZF) based relay cooperation strategy, where each relay treats the signal from the other pair as interference and tries to cancel it. Essentially, this ZF based approach regards the two-hop IFC as a cascade of two conventional single-hop IFCs. However, in the two-hop IFC, the signal received at each relay contains information for both destinations, so relays can forward information to both destinations to improve the performance. Based on this idea, by allowing relays to exchange more information, we propose different cooperation strategies with joint processing among relays. The performance is then evaluated in the high SNR regime, which determines the achievable degrees of freedom and demonstrates the importance of time sharing between two hops. It is shown that the ZF-based approach makes a good tradeoff between the achievable performance and the implementation complexity, which makes it a good candidate for interference management in the two-hop IFC.
II. SYSTEM MODEL
We consider a two-hop IFC as shown in Fig. 1 , where each source has N S antennas, each half-duplex relay has N R antennas, assuming N S ≥ N R , and each destination has a single antenna which is common for a mobile station. The communication between each source node and its corresponding destination is assisted by the relay with a twohop transmission. The relay employs the decode-and-forward (DF) relaying protocol, which is adopted in both WiMAX and LTE-Advanced [1] . In the first hop, source nodes send information to the relay nodes, and then relays decode the received information and forward it to the corresponding destinations. Due to the concurrent transmission, each pair will be affected by interference from the transmission of the other pair. The main objective of this letter is to, therefore, 2162-2337/12$31.00 c 2012 IEEE investigate interference management in this system through relay cooperation.
The source, relay and destination in the i-th pair are indexed by i, while the ones in the other pair are indexed byī = mod(i, 2) + 1, i = 1, 2. Linear precoding at both the source and relay is assumed. The discrete baseband signals received at the i-th relay and i-th destination (i = 1, 2) are given as
∈ C are the transmitted signals from the i-th source and i-th relay, respectively, with
is the number of data streams transmitted from source i, P t is the transmit power at each source while βP t is the transmit power at each relay, T i ∈ C NS×d s i and w i ∈ C NR×1 are the transmit precoders at source i and relay i, which will be discussed later, and z 
NR×NS denotes the channel between relay i and source j, g ij ∈ C NR×1 is the channel between destination i and relay j. We assume flat-fading spatially white Gaussian channels, with entries of H ij and g ij distributed as CN (0, α
and CN (0, α II ij ), respectively. We assume a block fading channel model, where the channel stays constant for a number of symbols and then changes independently from block to block. Channel state information (CSI) can be estimated at each receiver by inserting some pilot symbols in each fading block. The training and feedback designs are beyond the scope of this paper.
Assuming that the normalized durations of two hops of transmission are τ and 1 − τ with 0 < τ < 1, the average throughput of pair i is then given by [8] 
whereR i,I andR i,II are the average throughput of the first and second hops, respectively. In a practical implementation, different pairs apply the same time allocation between two hops, and then according to (3) the average sum throughput for a given τ is r τ (τ ) = min τR
Then the optimal time sharing that maximizes the sum throughput is determined by τ = arg max 0<τ <1 r τ (τ ), which is derived in the following theorem. Theorem 1: The optimal time sharing τ between two hops in a two-pair two-hop IFC is
where
Ri,I +Ri,II , i = 1, 2. Proof: It is proved by checking the boundary points. The capacity region of the two-hop IFC is unknown, so we intend to investigate the achievable throughput provided by different interference management strategies through relay cooperation. In particular, we will investigate the performance improvement brought by different levels of relay cooperation and the impact of the time sharing factor τ . With a focus on the relay cooperation, we consider limited cooperation between source nodes. Each source has only local CSI, i.e., source i knows H ji , ∀j, while each relay may have different types of CSI depending on the cooperation scheme.
III. ZF-BASED RELAY COOPERATION
In this section, we consider zero-forcing (ZF) based relay cooperation, and the two hop transmissions are treated as two cascaded interference channels. This is a practical option as both source and relay nodes only require local CSI.
A. Transceiver Design
First, we design precoders/decoders to cancel interference in both hops.
1) ZF in the first hop: For the first hop, if we model it as a MIMO interference channel, the DoF (degrees of freedom) of the channel, a.k.a. the multiplexing gain, which is the number of interference-free channels, is [9] 
and ZF precoding is sufficient to achieve all the available DoF.
As we assume
We have the following zero interference constraints
where T i and R i are the precoding and decoding matrices at source i and relay i, respectively, i = 1, 2. MIMO channel. Assuming isotropic input, the average throughput is given as
H ii T i is the equivalent channel, which is still spatially white Gaussian. If the optimal input with waterfilling power allocation is applied, additional power gain can be provided, which, however, will not change the following discussion.
2) ZF in the second hop: As each relay only has its own information message, the second hop can be modeled as a MISO interference channel. ZF precoding [10] can be directly applied, and the precoder is
g H is the orthogonal projection onto the orthogonal complement of g. Then the second hop of each cell becomes an equivalent MISO channel, with the average throughput given as
and the equivalent channel g H ii w i is a chi-square random variable with 2(N R − 1) degrees of freedom [10] .
B. Performance Evaluation
In this section, we evaluate the performance of the ZFbased cooperation based on a high-SNR analysis. We will also investigate the impact of the time-sharing factor τ .
In [11] , it was shown that the high-SNR performance of different communication channels can be characterized as
where S ∞ and L ∞ are the high-SNR slope (or DoF) and power offset, respectively, and are determined as
. The high-SNR performance of the two-hop IFC with ZFbased relay cooperation is given in the following theorem. 
.
The average throughput per cell is
where the high-SNR slope and the power offset are given by
where L 1 and L 2 are given as Proof: The proof follows (4), (7), (8) , the definition of S zf ∞ and L zf ∞ , and Theorem 1. From this theorem, we see that the time sharing factor τ plays an important role in a DF two-hop IFC. In practical systems, the time sharing factor τ is normally fixed to be τ = 1/2 and cannot be adjusted. Then, the achieved DoF for each pair is 1/2, which is limited by the second hop. From Theorem 2, if we can pick τ = τ , then the DoF is min(NR,NS /2) min(NR,NS /2)+1 , e.g., DoF= 2/3 for N S = 4 and N R = 2. So equal time allocation incurs a DoF loss, which dominates at high SNR.
At low SNR, the impact of τ depends on the balance between two hops, and τ = 1/2 is close to optimal when two hops have similar throughputs, indicated by Theorem 1. The balance between hops depends heavily on the relay position, so the throughput can be improved if we can adjust the relay positions.
IV. RELAY COOPERATION -JOINT PROCESSING
With single-antenna destinations, the bottleneck of the twohop IFC is the second hop. For the ZF-based approach, each relay treats the signal from the other pair as interference and cancels it. However, such signal is the information message for the other destination. Therefore, if the relay can decode and forward it, the performance of the second hop can be improved. Based on this insight, we propose different relay cooperation strategies that jointly process the messages for 
both destinations, which will require global CSI at each relay. In addition, a high-capacity backhaul link between relay nodes will be required for some cooperation strategies.
A. Relay Cooperation with Joint Processing 1) Joint Transmission with Full Decoding (JT I):
For this cooperation strategy, each relay decodes the incoming messages from both source nodes and forwards them to the corresponding destinations. In the first hop, from the capacity region of the MIMO multiple access channel, the average throughput for the symmetric case, i.e.,R 1,I =R 2,I , is
For the second hop, assuming each relay knows all the second hop channels, the two relays can jointly design the precoders, and joint ZF precoding with per-relay power constraint [12] is applied to improve the performance. Relay i designs precoders w i1 and w i2 to send messages to destination 1 and 2, respectively, with the ZF constraint [g
The power allocation between users with the perrelay power constraint follows [12] .
2) Joint Transmission with Message Passing (JT II): Each user decodes its own message, and then exchanges messages with each other, for which a backhaul link between two relays is required. For the first hop, it is the same as the ZF-based approach in Section III-A. Then relays exchange decoded messages. For the second hop, it is the same as JT I.
3) Joint Decoding and Joint Transmission (JDJT): For this scheme, relays exchange the received signal through the backhaul link and perform joint decoding, in contrast to the separate decoding for JT II. Hence, it requires an even higher backhaul capacity to support inter-relay information exchange.
For the first hop, it equivalently transforms the system to a multiple-access channel, as two relays can be regarded as a single node. So the average throughput is
H . The second hop is the same as JT I. 
B. Performance Comparison
Following the analysis in Theorem 2, the optimal time sharing factor at high SNR and the achieved DoF for each of the cooperation strategies are shown in Table I . We see that JDJT provides the highest DoF, but it requires a high-capacity backhaul link between relays and global CSI. JT I and JDJT can be applied to a general two-hop IFC with multiple sourcedestination pairs, while ZF and JT II can be applied if there are enough antennas at sources/relays due to the zero-forcing constraint, e.g., they can be applied if the number of relay antennas is larger than the number of source-destination pairs.
In Fig. 2 , we compare the average sum throughput of different relay cooperation strategies, with τ = 1 2 and τ = τ in Fig. 2(a) and Fig. 2(a) , respectively. We see that the ZF-based approach efficiently suppresses interference, and provides significant throughput gain over the system without cooperation except at low SNR, where treating interference as noise performs better than ZF. For τ = 1 2 , all the relay cooperation schemes achieve a DoF of 1 2 for each pair. All the joint processing schemes provide better performance than ZF, but they require global CSI and/or a high capacity backhaul link. For τ = τ , JDJT provides the highest DoF(=3/4), JT II and ZF have the same DoF(=2/3), while JT I has the lowest DoF(=3/5), which can be confirmed by Table I . JT II only provides a marginal throughput gain over ZF, while JT I outperforms ZF at low to medium SNRs but ZF performs better at high SNR as it provides a higher DoF.
V. CONCLUSIONS
In this letter, we investigated different relay cooperation strategies for interference suppression in a two-hop interference channel with multi-antenna source and relay nodes and single-antenna destinations. We demonstrated that multiantenna relays with cooperation provide significant throughput gains, and the ZF-based approach is particularly attractive. Joint processing among relays can further improve the performance if there is a backhaul link between relays. Possible future research directions include considering multiple sourcedestination pairs, and multiple antennas at each destination.
